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Abstract An integrated analysis approach has been applied
to a mercury (Hg) case study on a chlor-alkali plant located in
the Ebro River basin, close to the town of Flix (NE Spain).
The study focused on atmospheric Hg and its incorporation in
soils and lichens close to a mercury cell chlor-alkali plant
(CAP), which has been operating since the end of the 19th
century. Atmospheric Hg present in the area was characterized
by means of seven total gaseous mercury (TGM) surveys
carried out from 2007 to 2012. Surveys were carried out by
car, walking, and at fixed locations, and covered an area of
some 12 km2 (including the CAP area, the village in which
workers live, Flix town, and the Sebes Wildlife Reserve).
Finally, an atmospheric Hg dispersion model was developed
with ISC-AERMOD software validated by a lichen survey of
the area. The results for the atmospheric compartment seem to
indicate that the Flix area currently has the highest levels of
Hg pollution in Spain on the basis of the extremely high
average concentrations in the vicinity of the CAP
(229 ng m−3). Moreover, the Hg0 plume affects Flix town
center to some extent, with values well above the international
thresholds for residential areas. Wet and dry Hg deposition
reached its highest values on the banks of the Ebro River, and
this contributes to increased soil contamination (range 44–
12,900 ng g−1, average 775 ng g−1). A good fit was obtained
between anomalous areas indicated by lichens and the disper-
sion model for 1 year.
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Introduction
Mercury (Hg) is one of the most toxic elements in almost all its
forms, even in trace level concentrations, as a result of its
bioavailability, mobility, bioaccumulation, and high
biomagnification factor in the food chain, particularly in fish
at trace levels. Mercury has received special attention because
methylmercury (MeHg), the most toxic form of mercury, has
proven toxic effects and can cause severe neurological damage
to humans and wildlife (Clarkson andMagos 2006; Diez 2009;
Mergler et al. 2007). Bellanger et al. (2013) estimated the
monetary value of the prevention of this neurotoxin: “The total
annual benefits of exposure prevention within the EU were
estimated at more than 600,000 IQ (Intelligence Quotient)
points per year, corresponding to a total economic benefit
between €8,000 million and €9,000 million per year”.
Atmospheric mercury has both natural and anthropogenic
sources. Natural sources of Hg emission account for
5,207 Mg yr−1, while the anthropogenic contribution is esti-
mated to be about 2,320 Mg yr−1, of which more than 95 %
has been released during the last century (Pirrone et al. 2010).
The main natural sources of Hg relate to evasion from marine
surface waters, biomass burning, and volcanic emissions.
Anthropogenic sources, which include a large number of
industrial point sources, mainly arise from fossil-fuel fired
power plants, artisanal small-scale gold mining, the manufac-
ture of non-ferrous metals, cement production, waste disposal,
and the chlor-alkali industry (UNEP 2013; Selin 2009).
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The chlor-alkali industry is the third major Hg user world-
wide, with higher use only in small-scale gold mining follow-
ed by vinyl chloride monomer production (UNEP 2010).
Many plant operators have phased out this technology and
converted to the more energy-efficient and mercury-free
membrane process (Pacyna et al. 2010). The worldwide ac-
tivity of chlor-alkali plants (CAP), in which elemental Hg is
used for the production of chlorine and caustic-soda, was
estimated to be responsible for the emission of 46.8 t of Hg
in 2005 (Pacyna et al. 2010). In Europe, this amount has now
significantly decreased due to recent legislation, which im-
poses the use of alternative and less polluting processes (i.e.,
the membrane cell process). According to the World Chlorine
Council (WCC 2013), the number of plants and the mercury-
cell-based production capacity has shown a worldwide de-
crease. The output from plants decreased from 9.1×106 to
4.9×106 t over the period 2002–2012 (−45 %) and the
mercury-cell-based capacity also decreased from 9.1 to 4.9
million tonnes (−47 %). Likewise, global Hg emissions show
a similar trend since they have been substantially reduced in
the period 2002–2012. These emissions decreased by around
75 %, i.e., from 24.6 to about 6.2 t yr−1.
Hg-electrolysis technology has been studied worldwide
despite the fact that it has a negative impact on the environ-
ment (Biester et al. 2002; Busto et al. 2013; Degetto et al.
1997; Frentiu et al. 2013; Grangeon et al. 2012; Guedron et al.
2013; Landis et al. 2004;Montuori et al. 2006; Nik et al. 2012)
and the use of elemental Hg as a cathode in chlor-alkali plants
has been forbidden in Europe since 2008 (EC 2008). Howev-
er, some facilities benefit from specific authorizations and will
continue to exist until 2020 (EC 2004). This is the case for the
Flix CAP, which is currently the third largest chlorine produc-
er in Spain, with a capacity of 115,200 t Cl2 per year
(EuroClor 2012). At present, the major environmental concern
in the lower course of the Ebro River is the presence of a
deposit of 7×105 m3 of hazardous industrial solid waste on the
right bank of the river (Fig. 1) in front of Flix CAP. The
deposit occupies an area of 9 ha, and high Hg concentrations
were measured in the lower depth (440 mg kg−1) and surface
sediments (170 mg kg−1) (Grimalt et al. 2003). The impact of
Hg pollution in aquatic organisms such as local populations of
molluscs (Carrasco et al. 2008, 2011a) and fish (Navarro et al.
2009; Carrasco et al. 2010, 2011b) has been evaluated. Mer-
cury species were detected in piscivorous (THg=0.848 μg g−1
wet weight (ww); MeHg=0.672 μg g−1 ww), non-piscivorous
fish (THg=0.305 μg g−1 ww; MeHg=0.278 μg g−1 ww), and
zebra mussels (THg, 0.02 to 0.81 μg g−1 ww; MeHg, 0.22 to
0.60 μg g−1, with the latter being the highest concentrations
ever reported). Surprisingly, pollution associated with Hg in
air, soils, and plants has seldom been studied in this area.
The aim of the work described here was to characterize the
Hg cycle around these facilities. For this purpose, we evalu-
ated data for Hg in air, soils, sediments, and lichens and also
modeled gaseous mercury dispersion patterns. The results will
be useful for risk assessments and will provide guidance for
other ways to minimize exposure to the local population.
Materials and methods
Study area
The present study was undertaken in the Flix CAP and its
surrounding area (Figs. 1 and 2a). The Flix dam (41°23′ N,
0°55′ E) is located in the Ebro River, and it is relatively small
(area=320 km2, volume=11 hm3) with a very short water
residence time (0.15 days), thus preserving some of the river
properties. The Flix area includes the village of Flix (ca. 5,000
inhabitants) and the CAP, which has been producing chlori-
nated solvents since the end of the 19th century, on one bank
of the Flix reservoir. Surveys were also performed on the
opposite river bank, which is considered to be relatively
unpolluted, where a nature reserve (Sebes Wildlife Reserve)
is located. It should be highlighted that due to the possibility of
the disturbance of the contamination downstream and the risk
of reaching the Ebro Delta Natural Park, there is a need to
remove the chemical contamination from the Flix dam. The
adopted solution was to create a working site, remove the
waste, treat the waste, and transport it to a dumping area. At
present, the hazardous waste remains confined and the river
flows mainly through the left bank of the reservoir.
Hg Surveys in the Flix area
Different surveys were carried out in the Flix area with the aim
of characterizing mercury contents in the air-soil system
(Fig. 2a). Atmospheric Hg emissions and its dispersion pattern
was studied by means of seven total gaseous mercury (TGM)
surveys (Table 1) carried out between 2007 and 2012, includ-
ing more than 145,000 TGM determinations. Data were ob-
tained by Zeeman effect Atomic Absorption Spectrometry
with High Frequency Modulation technique (ZAAS-HFM),
using a number of LUMEX-RA-915 series devices (Sholupov
et al. 2004). The sampling strategies were based on the ability
of these devices to obtain one mercury measurement per
second over a period of more than 48 h. The range of mea-
surements was 2–30,000 ng m−3 at a flow rate of 20 L min−1,
and the accuracy during this work was 95–97 %. The sam-
pling method used to measure mercury emissions from the
CAP and its dispersion in the surrounding area was performed
by car and walking; geographic location data were obtained
using a Garmin GPS Map 60CSX device. Similar surveys, in
which the same methodology was used, have been carried out
in many other regions (see Higueras et al. 2014, and
references therein). The same sampling method was used to
perform static TGMmeasurements in three fixed locations: (a)
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the worker’s village, located some 500 m from the CAP; (b) a
house located in the centre of Flix town, some 2,000 m away
from the CAP; and (c) Sebes facilities, on the opposite bank of
Ebro River. In all TGM surveys, the equipment accuracy was
checked prior to each measurement, and a baseline correction
was made each 15 min to avoid effects due to fluctuations in
lamp intensity. In parallel to all TGM determinations, local
meteorological data were collected from a meteorological
station located in Riba-Roja, which is located some 5 km
NW of Flix; data collected included temperature, relative
humidity, wind direction, wind speed, atmospheric pressure,
and solar radiation.
Soil and sediment geochemical surveys were focused in
two areas: one comprised the CAP area and its surround-
ings, and the second covered an anomalous area identified
by the first survey at the Ebro margins, which was down-
stream from the town area (Fig. 2a). Soil and river bank
sediment samples (n=77) were taken from the topsoil
layer (0–20 cm) in order to study dry and wet deposition
of atmospheric mercury emitted by the CAP. Samples
were collected using an Ejkelkamp stainless steel drill in
a grid covering the study area and were stored in
polyethylene bags prior to laboratory analysis. Sample
preparation included air-drying, disaggregation, homogeni-
zation, sieving to a grain size <2 mm, and separation into
three aliquots. Total mercury determinations were made by
means of the ZAAS-HFM technique with a Lumex RA-
915+ device with a RP-91C pyrolysis attachment (Molina
et al. 2006). Quality control was achieved by analysis of
duplicate samples and certified reference materials (CRM:
NIST-2710 and NIST 2711).
In order to validate the dispersion model for TGM, a lichen
survey was carried out in the study area. Numerous factors
affect the Hg uptake by bioindicators and the most important
are distance from the source, mercury speciation in the atmo-
sphere, temperature, solar radiation, wind conditions, local
physiography, and interspecific differences in atmospheric
Hg uptake patterns (Lodenius 2013). Moreover, Lippo et al.
(1995) concluded that lichens seem to be more appropriate for
local studies and mosses for regional studies. In order to avoid
interspecific interferences, Xanthoria parietina Thalli was
chosen due to its more ubiquitous nature in the study area.
These foliose or leafy lichen samples were collected from
branches of oak trees (Quercus rotundifolia L.) at 1.5–2 m
Fig. 1 Sketch map of the study area. Insert shows the general location with respect to Spain
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above the ground with stainless steel tweezers, and samples
were stored in paper bags prior to laboratory analysis. Sample
preparation included thorough cleaning and freeze-drying
before total mercury analysis by ZAAS-HFM in a Lumex
RA-915 device with a PYRO-915 pyrolysis attachment
(more details in Molina et al. 2006). The accuracy obtained
Fig. 2 (a) Sampling network of air, soils, sediments, and lichens, (b)
Mercury contents in the soils, as obtained from kriging-based interpola-
tion of measured data. Concentrations in ng g−1, (c) mercury contents in
the river bank sediments from the Ebro River margins. Concentrations in
ng g−1, (d) mercury (TGM) concentrations in the local atmosphere, as
obtained by kriging-based interpolation of all data from the 7 different
surveys performed between 2007 and 2012. Concentrations in ng m−3, (e)
mercury concentrations in lichens, as obtained by kriging-based interpo-
lation of measured analytical data. Concentrations in ng g−1, (f) Theoret-
ical model of Hg distribution in the local atmosphere, as obtained using
the ISC AERMOD software, considering the Hg emissions to the atmo-
sphere declared by the CAP to the Spanish PRTR Register. Concentra-
tions in μg m−3
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by CRM-482 analyses was 100.8 %, while precision was
1.2 %.
The plume dispersion model developed by the US Envi-
ronmental Protection Agency (USEPA 2009) (ISC-
AERMOD software) was used to predict concentrations of
Hg in air. This model can simulate the dispersion of atmo-
spheric pollutants from point and aerial source emissions (e.g.,
Orloff et al. 2006; Llanos et al. 2010, 2011). The dispersion
model was constructed on the basis of topographical data and
meteorological parameters during 2011 and averaged over 1-h
periods of time.
Results
TGM concentration in air
The descriptive statistics for TGM concentrations in the sur-
veyed area are shown in Table 1. The measured values
reached maximum levels in summer (27,440 ng m−3 in
2010), but average levels were higher in autumn
(323 ng m−3 in 2011), probably due to higher atmospheric
pressure conditions during these monitoring periods. The
maximum TGM values are higher than those measured in
Almadén, the largest mercury mining district worldwide
(Llanos et al. 2011). This implies that the Flix area is currently
the most significant “hot spot” for TGMmercury emissions in
Spain. Data from mobile surveys indicate that TGM contents
in the atmosphere in Flix are not dependent on temperature
and solar radiation, with similar geometric means in cold
seasons (autumn and winter) and in summer. This is a typical
scenario in industrial areas where metallic mercury is handled
(Llanos et al. 2011) and anthropic emissions are the main
factor, which is in fact more strongly linked to production
rates than to meteorological conditions. These meteorological
parameters (especially wind, temperature, and solar radiation)
seem to control the dispersion patterns in the studied area. The
average TGM concentrations in fixed locations are markedly
higher in terms of geometric mean in the workers village
located near to the CAP (Fig. 2d), with a value of
228.9 ng m−3. This could be related to more stable conditions
during the night, when the mixing layer created during morn-
ing hours disappears and local winds are lower than during the
day (ratio of wind speed: day/night=1.54 during 2011).
Soil and sediment geochemistry
The analytical results for Hg in local soils and sediments are
shown in Table 2. Mercury dispersion around the CAP has
different effects on the soils and river plain sediments. Dry and
wet deposition seems to be the main input of Hg in soils for
the non-fluvial area, as can be seen in Fig. 2b, and anomalous
Hg contents are centered in the CAP.Mercury contents in soils
are in the range 44–12,900 ng g−1, with an average concen-
tration of 775 ng g−1, i.e., well above average levels of
38 ng g−1 in Europe (FOREGS 2005), 20 ng g−1 in Spain
(IGME 2012), and in other areas of Spain such as the Basque
country (230 ng g−1) (IHOBE 1993) and Madrid (30 ng g−1)
(De Miguel et al. 2002). A histogram for the measured values
is shown in Fig. 3; concentrations below 2,000 ng g−1 can be
considered as constituting a log-normal background popula-
tion. Therefore, values above the 2,000 ng g−1 threshold
should be considered as the anomalous population. The areas
affected by anomalous concentrations are shown in red in
Fig. 2b, and these are clearly distributed around the CAP area,
showing a significant negative correlation with distance (R=–
0.5). Mercury contents in the vicinity of the CAP were higher
than those reported in similar CAP facilities, including the
UK, 3,800 ng g−1 (Bull et al. 1977), Canada, 5,700 ng g−1
(Temple and Linzon 1977), France, 260 ng g−1 (Probst et al.
1999), or in three European CAPs, 400 ng g−1 (Biester et al.
2002). The maximum values decrease with distance from the
point of emission until the background levels are reached at
some 1.5 km.
Mercury contents in river plain sediments have a distribu-
tion that is consistent with the hazardous waste discharged
from the Flix CAP to the Ebro River margins, with average
mercury contents of 298 ng g−1 upstream from the CAP and
Table 1 Statistics for data obtained in the TGM surveys
N Min Max Average GM
Day hours (mobile surveys)
26/06/07 6687 0.3 4793 52.8 9.7
27/06/07 6188 0.0 4045 78.4 16.2
17/07/10 4753 0.6 27,440 102.8 21.2
10/10/11 8920 4.4 11,640 110.7 32.5
11/10/11 9356 1.6 5901 323.9 47.2
11/12/12 8986 0.8 1307 16.7 5.8
12/12/12 6680 1.0 206 43.3 32.1
Night hours (fixed locations)
Sebes 11/12/12 32,571 1.0 13 3.9 3.5
Flix town 13/10/11 33,982 1.0 297 20.5 9.7
Workers village 11/10/11 28,194 67.3 843 276.6 228.9
Reference values
Almadenejosa 1923 1 4996
Almadéna 1148 1 2594
Las Cuevasa 1964 1 9703
Background levelb 2 3
All mercury contents in ng m−3
N number of samples, min minimum value, max maximum value,
average arithmetic mean, GM geometric mean
aData from Llanos et al. (2011)
b Data from Wängberg et al. (2005)
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31,978 ng g−1 downstream, with a concentration range in the
polluted area of 98–495,000 ng g−1. These concentrations are
higher, particularly in the Flix meander (see Fig. 2c) down-
stream from the Ebro dam, and they are much higher than
reported values in locations 50 km downstream from Flix
(500–2,000 ng g−1) (Grimalt et al. 2003; Bosch et al. 2009).
Biomonitoring data
Lichens have been used a great deal as biomonitors in chlor-
alkali plants (Sensen and Richardson 2002; Grangeon et al.
2012). Lichen species’ similar to those used in the present
study (X. parietina) have proven to be a good indicator of
long-term mercury dispersion patterns around an industrial
facility (Grangeon et al. 2012) and in other Hg dispersion
studies (Loppi et al. 2006). In the Flix CAP study area,
X. parietina shows mercury levels (Table 2) in the range from
0.4 to 3.7 mg kg−1. The background content for X. parietina
was 0.09mg kg−1 (Cuny et al. 2004), i.e., much lower than the
mercury contents found in the Flix area. Mercury contents in
lichen samples can be interpreted as a reflection of long-term
exposure (Garty 2000). In the area under investigation, corre-
lations were not found between lichen Hg contents and
distance to the CAP. It can be seen from Fig. 2e that three
individual areas around the CAP have the highest Hg contents
and physiography, and local wind directions are believed to be
the main factors that affect these dispersion patterns.
Dispersion model
A model for the atmospheric Hg dispersion around the unique
emission source was developed with ISC-AERMOD soft-
ware. Emission data declared to the PRTR inventory were
used together with topography and meteorological conditions
to construct the model. As an analog to long-term exposure, a
lapse time of 1 year was used to ascertain the mercury disper-
sion pattern (Fig. 2f). Three anomalous areas were found with
good fitting for those areas with higher mercury contents in
lichens (Fig. 2d), thus showing that X. parietina seems to be a
good indicator of dispersion patterns of gaseous mercury
around the facility.
Discussion
The CAP located at Flix town probably represents the major
point source of Hg emissions in Spain today, not only con-
tributing to the global pool of atmospheric mercury but also
affecting the local population. In particular, Esbri et al. (2009)
showed that Flix is the maximum emitter of gaseous mercury
in comparison with all of the other Spanish CAPs; besides,
Higueras et al. (2013) recently studied variations in mercury
concentrations that affect the most important Spanish Hgmine
(Almadén) and found significant reductions in pollution
levels, which are actually much lower than the ones described
here. The TGM levels up to the maximum level for chronic
exposure (USEPA 1997) of 300 ngm−3 in the worker’s village
for all measurement days are represented in Fig. 2d. Even in
the vicinity of the CAP, the levels are retained up to the
Table 2 Main statistics for the results of soils, sediments, and lichens
analysis
SED a SED b SED total Soil Lichens
N 6 16 22 55 17
Min 151 98 98 44 387
Max 508 495,000 495,000 12,900 3,750
Average 298 31,978 23,338 775 1,606
GM 279 776 587 228 1,264
SED a: upstream sediments; SED b: downstream sediments; SED total:
all sediments. All mercury contents in ng g−1
N number of samples, min minimum value, max maximum value,
average arithmetic mean, GM geometric mean
Fig. 3 Frequencies histogram for
Hg distribution in the local soils
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maximum recommended levels of 1,000 ng m−3 (WHO
2000).
Different Hg dispersion patterns were found in air and soil
in this study.Mercury is present in the atmosphere in the forms
of gaseous elemental mercury (GEM), reactive gaseous mer-
cury (RGM), and particulate mercury (PM). RGM and PM are
removed from the atmosphere by wet and dry deposition,
while GEM is only affected by dry deposition (Wängberg
et al. 2005). The results of this study provide total mercury
data for air, soils, sediments, and lichens, and they show
contrasting locations of anomalies in soils and in the atmo-
sphere. This finding can be explained by differences in depo-
sition rates between different mercury compounds in the at-
mosphere (Fig. 2b,d,e). Wängberg et al. (2005) showed that
PM makes a very low contribution to Hg in source emissions
such as CAP, while RGM could be present in low concentra-
tions and may be deposited close to the emission source
without any influence of topography and meteorological con-
ditions. This explains the regular and reasonably concentric
distribution of this form of Hg in the soils. The level of RGM
in CAP emission sources is typically 2 % (Landis et al. 2004),
while only 2.4 % of total mercury emitted by a CAP is
deposited in surrounding soils (radius=1 km) (Biester et al.
2002). This atmospheric mercury species could be the major
contributor to mercury contents in soils, although GEM has a
longer residence time in the atmosphere (Wan et al. 2009;
Gustin and Lindberg 2005) and travels further from the CAP
mercury source and is controlled by topography and major
wind directions. Thus, soils should be the main receptors of
PM and RGM, a situation that explains the regular concentric
distribution of Hg in the soils (Fig. 2b); In contrast, the long
time spans for GEM distribution, as characterized by lichen
contents (Fig. 2e), validate the theoretical annual dispersion
model (Fig. 2f), which corresponds to the CAP acting as a
source of this pollutant.
Conclusions
The high concentrations of mercury found particularly in the
atmospheric compartment of Flix CAP may indicate that this
area is the major point source of Hg pollution in Spain
nowadays.
Moreover, this factory partially affects the Flix urban area,
with values well above international thresholds for residential
areas.Wet and dry Hg depositions are at their highest levels on
the banks of the Ebro River and contribute to increased soil
contamination. All of our atmospheric mercury dispersion
models based on declared emissions display dispersion pat-
terns that differ from those observed for soils. A comparison
with mercury dispersion patterns in local lichens was also
performed in order to validate our model, assuming that for
lichens, mercury represents more than 1 year of exposure. A
good fit was obtained between anomalous areas indicated by
lichens and the dispersion model for 1 year.
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